The positive-strand RNA genome of the hepatitis C virus (HCV) is flanked by 5-and 3-untranslated regions (UTRs). Translation of the viral RNA is directed by the internal ribosome entry site (IRES) in the 5-UTR, and subsequent viral RNA replication requires sequences in the 3-UTR and in the 5-UTR. Addressing previous conflicting reports on a possible function of the 3-UTR for RNA translation in this study, we found that reporter construct design is an important parameter in experiments testing 3-UTR function. A translation enhancer function of the HCV 3-UTR was detected only after transfection of monocistronic reporter RNAs or complete RNA genomes having a 3-UTR with a precise 3 terminus. The 3-UTR strongly stimulates HCV IRES-dependent translation in human hepatoma cell lines but only weakly in nonliver cell lines. The variable region, the poly(U · C) tract, and the most 3 terminal stem-loop 1 of the highly conserved 3 X region contribute significantly to translation enhancement, whereas stem-loops 2 and 3 of the 3 X region are involved only to a minor extent. Thus, the signals for translation enhancement and for the initiation of RNA minusstrand synthesis in the HCV 3-UTR partially overlap, supporting the idea that these sequences along with viral and possibly also cellular factors may be involved in an RNA 3-5 end interaction and a switch between translation and RNA replication.
Hepatitis C virus (HCV), the main causative agent of non-A, non-B hepatitis (7) , belongs to the unique genus Hepacivirus in the family Flaviviridae (1) . HCV has infected about 170 million people worldwide. About 80% of the patients infected by HCV are unable to eliminate the virus, and these patients are at high risk to develop chronic liver diseases including cirrhosis and hepatocellular carcinoma (28) . The recent development of the replicon system (3, 32) has greatly stimulated research on several aspects of HCV replication. However, tissue culture systems supporting a complete replication cycle of HCV are available for only a short time (30, 51, 60) .
The genome of HCV is a single-stranded, positive-sense RNA of approximately 9,600 nucleotides with only one large open reading frame (ORF) that encodes a single polyprotein of 3,010 to 3,033 amino acid residues. The HCV ORF is flanked by highly conserved 5Ј-and 3Ј-untranslated regions (5Ј-UTR and 3Ј-UTR) required for viral replication. The 5Ј-UTR forms extensive secondary structures (6) and regulates translation initiation in an internal ribosome entry site (IRES)-dependent manner (50, 52) . However, in contrast to picornaviruses (2), the HCV IRES can bind the 40S ribosomal subunit directly in the absence of any other canonical translation initiation factor (eukaryotic initiation factor, or eIF), thereby positioning the authentic initiator AUG codon of the ORF precisely at the P site of the ribosome (41) . The 3Ј-UTR lacks a poly(A) tail and is composed of three sequence elements supposed to be involved in RNA replication: a nonconserved variable region (30 to 50 nucleotides), a poly(U · C) stretch (20 to 200 nucleotides), and a conserved 98-nucleotide sequence, termed the 3Ј X region, which forms a three stem-loop (SL) structure (4, 10, 24, 25, 46, (54) (55) (56) (57) . The 3Ј-UTR binds various cellular proteins such as the 52-kDa La autoantigen, the 57-kDa polypyrimidine tract-binding protein, and other proteins (8, 13, 18, 33, 45, 49, 53) .
Most eukaryotic mRNAs and many viral RNAs have a cap structure at the 5Ј terminus and a poly(A) tail at the 3Ј end which play essential roles in the regulation of translation, either individually or in concert (14, 43) . Each of these elements associates with specific RNA-binding proteins and stimulates RNA translation. The translation initiation factor eIF4F binds to the 5Ј-terminal cap structure of cellular mRNA through its subunit eIF4E, and the poly(A) binding protein facilitates mRNA 5Ј-3Ј end interaction by binding both to the mRNA poly(A) tail and to the eIF4G subunit of eIF4F (47) . This concept of RNA 5Ј-3Ј end interaction for translation stimulation could also apply to the HCV RNA genome, even in the absence of the terminal cap and poly(A) structures. Such an interaction of the terminal HCV genome structures, possibly facilitated by yet unknown viral and/or cellular proteins, could play a role in a switch from RNA translation to negative-strand RNA synthesis, similar to the switch reported for poliovirus (12) .
Several conflicting results have been reported about the possible role of the HCV 3Ј-UTR in RNA translation, obtained either in vitro, in cell culture, or in transfected livers of mice. In some studies, a positive influence of 3Ј-UTR sequences (sometimes comprising only the 3Ј X region) was shown (19, 20, 34, 35) . One study reported an inhibitory effect of the 3Ј-UTR (37), whereas other reports claimed that there is no effect of the HCV 3Ј-UTR on IRES-directed translation (9, 10, 15, 26, 56) .
In order to investigate the possible role of the viral 3Ј terminal sequence for HCV IRES-directed translation, we have performed a series of translation assays including in vitro and cell culture systems. Our results reveal that the HCV 3Ј-UTR significantly enhances HCV IRES-dependent translation in human liver cell lines but has only weak enhancing effects in nonliver cell lines. Interestingly, both the transfection approach employed and the reporter construct design were found to be important for the outcome of experiments testing the role of the HCV 3Ј-UTR in enhancing IRES-directed translation.
MATERIALS AND METHODS
Plasmids. The monocistronic reporter plasmid pHCVϩ3Ј-UTR (wild-type) contains the following elements in 5Ј to 3Ј order in a pBlueScript SK(ϩ) vector: the cytomegalovirus (CMV) immediate early promoter, a T7 promoter, the entire 5Ј-UTR (nucleotides 1 to 341) plus partial core protein-encoding sequences of the HCV-1b strain, a ubiquitin sequence followed by the firefly luciferase (FLuc) gene, and the entire HCV 3Ј-UTR. Plasmid pHCV-⌬3Ј-UTR was obtained from pHCVϩ3Ј-UTR by double digestion and religation to delete the HCV 3Ј-UTR. A series of mutant plasmids with deletions within the 3Ј-UTR (see Fig. 5A ) were prepared from pHCVϩ3Ј-UTR by PCR mutagenesis. The organization of the corresponding RNA transcripts is shown in Fig. 5A . Plasmid pRL-FMDV-wt-FL was derived from pD12 (39) and contains a T7 promoter, the Renilla luciferase (RLuc) sequence, the IRES of foot-and-mouth disease virus (FMDV) and the FLuc sequence. Plasmid pM12-FLuc was derived from pM12 (39) . It contains the FMDV IRES and the FLuc sequence followed by 29 nucleotides of the HCV 3Ј-UTR variable region plus 14 unrelated linker nucleotides and a T7 promoter in reverse orientation. Plasmid pFK1-9605C1wtdg contains the complete HCV-1b genome (32) with the hepatitis delta virus (HDV) genomic ribozyme sequence immediately downstream of the HCV sequence. Plasmid pFK1-9374wtdg contains the complete HCV genome without the 3Ј-UTR. The corresponding plasmids with the NS5B polymerase GND mutation have an exchange of NS5B amino acid 318 (D to N) that abrogates NS5B polymerase activity (31) . Plasmid pNS5B-rev contains in a pUC-based plasmid downstream of a T7 promoter sequence 15 nucleotides of linker sequence, followed by 29 nucleotides of the variable region and 298 nucleotides of NS5B sequence in antisense orientation.
RNA synthesis. HCV-FLuc reporter plasmid DNAs were linearized with BamHI downstream of the reporter construct cassette. These linearized DNAs were also used as templates to amplify PCR fragments of interest. The HCVϩRD15 RNA template was obtained from pHCVϩ3Ј-UTR by PCR amplification using an oligonucleotide which includes the 3Ј terminus of the firefly luciferase-coding sequence plus 15 unrelated nucleotides. The amplified DNA fragments were gel purified, extracted with phenol-chloroform, ethanol precipitated, dissolved in water, and used for transcription using T7 RNA polymerase (New England Biolabs). pRL-FMDV-wt-FL was linearized with XbaI downstream of the RLuc sequence and transcribed with T7 RNA polymerase to obtain RLuc control RNA for cotransfections. Reactions were treated with RNase-free DNase I to digest DNA templates, and RNA was purified with RNeasy kits (QIAGEN). The integrity of RNA was checked by denaturing gel electrophoresis. RNA concentrations were determined by gel images and a photometer. Plasmid pM12-FLuc was linearized with EcoRV and transcribed with T7 RNA polymerase. The resulting antisense FLuc RNA contains 14 unrelated linker nucleotides and 29 nucleotides of the HCV variable region plus 314 nucleotides of antisense FLuc sequence starting from the FLuc coding sequence 3Ј end. Plasmids pFK1-9605C1wtdg and pFK1-9374wtdg were linearized with SpeI downstream of the HDV ribozyme sequence, and authentic 3Ј ends were generated by autocatalytic cleavage by the ribozyme. Plasmid pNS5B-rev was linearized with KpnI in the NS5B region. The resulting RNA contains 15 nucleotides of linker sequence, 29 nucleotides of the variable region, and 298 nucleotides of NS5B sequence in reverse orientation. Plasmid pXCM-hu-GAPDH (kindly provided by H. Kleinert) was linearized with HindIII and transcribed with T3 RNA polymerase to yield glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) antisense RNA. The fragment protected in the RNase protection assay is 105 nucleotides long. Labeled RNAs were synthesized using T7 RNA polymerase in the presence of 2.5 M [␣-
32 P]UTP (400 Ci/mmol; Amersham) plus 10 M nonradioactive labeling nucleotide and checked on 8 M urea-10% polyacrylamide gels. In vitro translation. Reactions were carried out in S7 nuclease-treated rabbit reticulocyte lysates (RRL; Promega) (40, 44) . Briefly, different amounts of RNA as indicated were used in 10-l reaction mixtures containing 4.4 l of RRL and 0.2 l of [
35 S]methionine. In addition to the 50 mM endogenous potassium acetate that is added to the RRL by the supplier, KCl was added to a final potassium concentration of 130 mM. Reactions were incubated at 30°C for 60 min. Aliquots of the translation products were separated on 12% sodium dodecyl sulfate-polyacrylamide gels (SDS-PAGE) and analyzed by autoradiography.
Cells and transfections. Cells were maintained in standard Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% penicillin (10 U/ml)-streptomycin (10 g/ml) and 1% L-glutamine. For liposome-mediated transfection, cells were split into 12-well plates and grown in DMEM with 10% FBS and antibiotics to 80 to 90% confluence. One day before transfection, the medium was changed to DMEM plus FBS but without antibiotics. For DNA transfections, 0.5 g of plasmid or PCR fragment, respectively, and 1 l of Lipofectamine (Invitrogen) were diluted separately in each 25 l of DMEM (without FBS and antibiotics) and incubated at room temperature. Within 5 min, both dilutions were mixed together, incubated for another 25 min at room temperature, and then added to the cells. For RNA transfections, approximately 0.8 g of each in vitro transcribed RNA was used for transfection of the cells using a TransMessenger transfection kit (QIAGEN). After the time as indicated in the figures, cells were washed in phosphate-buffered saline (PBS), and then PBS was aspirated, 150 l of passive lysis buffer (Promega) was added to each well, and the cells were lysed by gentle agitation. Lysates were centrifuged for 1 min at 13,000 ϫ g, and 15 l of supernatant was used for measuring firefly luciferase activity as described before (38) or Renilla luciferase as described by the supplier (Promega). For electroporation, two samples (10 g each) of in vitro transcript were mixed with 400 l of a suspension of 10 7 Huh-7 cells per ml in a cuvette with a gap width of 0.4 cm (Bio-Rad, Munich, Germany). After one pulse at 975 F and 270 V with a Gene Pulser system II (Bio-Rad), cells were immediately transferred into 20 ml of complete Dulbecco's modified Eagle medium. Aliquots of the cell suspension were seeded in 6-cm-diameter culture dishes and harvested at various time points.
RNase protection assay. For the short reporter RNAs, cells were washed in PBS 4 h after transfection and lysed in passive lysis buffer, and nuclei removed by centrifugation. For the HCV full-length genome RNAs, cells were washed with PBS and lysed in 7 M guanidinium-isothiocyanate and 10% 2-mercaptoethanol. Total RNA was isolated using RNeasy kits (QIAGEN) and dissolved in 0.5% SDS. All samples were treated with proteinase K in the presence of 0.5% SDS and 1 mM CaCl 2 at 50°C for 2 h, phenol-chloroform extracted, and ethanolprecipitated. Residual DNA was removed by treatment with DNase I. RNase protection assays were performed essentially as described previously (21) using [␣-
32 P]UTP-labeled antisense RNA probes transcribed from plasmids pM12-FLuc, pNS5B-rev, and pXCM-hu-GAPDH. After hybridization, samples were treated first with RNase A and then with proteinase K, phenol-chloroform extracted, and ethanol precipitated. Samples were separated on 8 M urea-10% polyacrylamide gels and analyzed by autoradiography.
Western blotting. Cells were lysed with PBS containing 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride and 0.1 g/ml aprotonin. Samples were run on SDS 12%-polyacrylamide gels, blotted to nitrocellulose, and stained with anti-NS5B or anti-actin antibodies by standard procedures.
RESULTS
Conflicting results have been reported on the effect of the HCV 3Ј-UTR on IRES-directed translation (9, 10, 15, 19, 20, 26, 34, 35, 37, 56) . The reasons for these discrepancies are not directly evident. Some researchers reported that different concentrations of translation factors in the employed translation assay systems, different intracellular mRNA concentrations, and/or misfolding of in vitro generated RNAs could contribute to the discrepancies (26) . However, we noted (i) that some of these studies concentrated only on a possible role of the HCV 3Ј X region but not the entire 3Ј-UTR and (ii) that the HCV RNA molecules used in most studies did not have precise 3Ј termini. We hypothesized that these experimental variations may have caused the discrepancies and therefore compared different reporter constructs and translation systems.
Effect of the HCV 3-UTR on IRES-mediated translation in RRL. First, we designed in vitro translation experiments using two different monocistronic reporter mRNAs containing the entire HCV 5Ј-UTR sequence plus partial core protein coding sequences and the FLuc reporter gene, either ending exactly at the 3Ј end of the FLuc coding sequence or additionally including the complete HCV 3Ј-UTR (Fig. 1A) . Templates for in vitro transcription of the reporter RNAs were generated by PCR to obtain runoff transcripts with precise 3Ј ends. These RNAs were in vitro translated in RRL at a final potassium concentration of 130 mM, which is close to physiological salt conditions. The translational products of these RNAs were examined by measuring FLuc activity (Fig. 1B) and by analyzing FLuc protein amounts by SDS-PAGE and autoradiography (Fig. 1C) . No significant difference in translation efficiency was detected between these two RNAs, even when different amounts of RNA were used to rule out the possible influence of saturation effects in the reticulocyte lysate. These results indicate that the HCV 3Ј-UTR has no obvious effect on HCV IRES-directed translation in RRL.
Influence of reporter construct design and transfection conditions on translation enhancement by the 3-UTR. Since HCV replicates primarily in human liver cells, several groups examined a possible effect of the HCV 3Ј-UTR on RNA translation by using transfected human hepatoma cell lines. However, results are controversial (10, 15, 20, 26, 34) . Most of these studies used transfection and transient expression of complete circular or linearized reporter plasmids. In only one study were reporter RNAs transfected into Huh-7 cells, but no enhancement of translation by the HCV 3Ј-UTR was detected (10) . In an attempt to eliminate experimental parameters that hamper a possible enhancing action of the 3Ј-UTR on HCV IRESdependent translation, Huh-7 cells were transfected with circular plasmid DNAs of two types of the HCV-IRES/luciferase constructs, i.e., either containing or lacking the entire 3Ј-UTR (pHCVϩ3Ј-UTR and pHCV-⌬3Ј-UTR, respectively) (Fig.  1A) . However, when FLuc activities were measured at different time points after transfection, no significant differences could be observed ( Fig. 2A) .
To analyze if the exact 3Ј end of the HCV 3Ј-UTR is required for enhancing RNA translation, we generated two types of PCR fragments that included the CMV promoter and either terminate at the luciferase stop codon or additionally included the HCV 3Ј-UTR (Fig. 1A) . Upon transfection of Huh-7 cells with these PCR fragments, significant differences in FLuc expression were observed (Fig. 2B) . At early time points after transfection, FLuc expression from the PCR fragment containing the HCV 3Ј-UTR was up to threefold higher than that from the PCR fragment without the 3Ј-UTR, while this relative difference decreased at later time points. Thus, assaying reporter gene activity in a time course after transfection may be important for the outcome of experiments testing a possibly enhancing effect of the 3Ј-UTR on HCV translation.
In contrast to the DNA transfection experiments, a very strong stimulating effect of the HCV 3Ј-UTR on translation was found when reporter RNAs with the precise 3Ј end (Fig.  1A) were transfected into Huh-7 cells (Fig. 2C) . Translation efficiency of the RNA containing the 3Ј-UTR (HCVϩ3Ј-UTR) was 10-to 25-fold higher than that of the RNA without the 3Ј-UTR (HCV-⌬3Ј-UTR). This enhancement is much higher than the one found in previous reports (20, 35) or detected in our PCR fragment transfection experiments (Fig. 2B) . Thus, the HCV 3Ј-UTR can strongly enhance translation directed by the HCV IRES.
Expression differences are not due to differences in RNA stability or transfection efficiency. SL1 in the 3Ј X region forms a stable secondary RNA structure (see Fig. 5A ) that may protect the 3Ј end of the reporter RNA against degradation. To rule out the possibility that differences in translation efficiency are due to differences in RNA stability, we tested the integrity of the reporter RNAs after extraction from the transfected cells in RNase protection assays (Fig. 2E) using the antisense Fluc probe described in Fig. 2D . The results show that with both reporter constructs, the same amounts of protected fragments are detected, indicating similar half-lives of the RNAs independent of the presence or absence of the 3Ј-UTR. Thus, the differences in translation efficiency are not due to differences in RNA stability.
To further rule out the possibility that the differences in FLuc expression are due to variations in transfection efficiency, we cotransfected the HCV reporter RNAs together with capped and polyadenylated RNA containing the Renilla luciferase gene. Again, HCV IRES-directed FLuc expression was much more efficient in the presence of the HCV 3Ј-UTR (Fig.  2F) , while the cotransfected Renilla reporter RNA was ex- (Fig. 1A) were cotransfected together with capped and polyadenylated Renilla luciferase RNA in different amounts into Huh-7 cells. Cells were harvested after 4 h and firefly luciferase (F) and Renilla luciferase (G) activities were determined. ⌬3Ј-UTR, HCV-⌬3Ј-UTR; ϩ3Ј-UTR, HCVϩ3Ј-UTR; Ub, ubiquitin; C, partial core protein.
pressed with similar efficiency in both cases (Fig. 2G) . Moreover, translation stimulation by the HCV 3Ј-UTR was similar after transfection of different amounts of reporter RNA, ruling out any possible saturation effects.
Additional nucleotides at the 3 end of the 3-UTR interfere with stimulation. From the above results, we concluded that three parameters have an impact on the outcome of experiments testing the translation enhancement by the HCV 3Ј-UTR: (i) the time course of measuring reporter gene activity reveals that the stimulatory action of the 3Ј-UTR is more evident at shorter times after transfection (Fig. 2B and C) ; (ii) the nature of transfected nucleic acid is important since translation stimulation by the 3Ј-UTR was remarkably more evident when RNA rather than DNA was used (Fig. 2C) ; and (iii) the nature of the 3Ј end of the reporter construct plays a role since a PCR fragment providing an exact end of the 3Ј-UTR resulted in translation stimulation (Fig. 2B) while transfection of circular plasmid DNA did not ( Fig. 2A) .
To further test whether efficient translation stimulation requires a precise 3Ј end of the HCV 3Ј-UTR, we generated additional reporter construct templates having unrelated vector sequences at the 3Ј-UTR end (Fig. 3A) . When the corresponding RNAs with artificially extended 3Ј ends were compared with the RNA having an authentic 3Ј-UTR, translation enhancement was strongest with the latter (Fig. 3B ). This confirms that a precise 3Ј end of the HCV 3Ј-UTR (corresponding to that of the authentic viral RNA genome) is important for translation enhancement.
The HCV 3-UTR enhances IRES-dependent translation preferentially in human liver-derived cell lines. The results described so far suggest that the HCV 3Ј-UTR can remarkably enhance IRES-mediated translation in a human liver cellbased translation system but not in a nonliver system such as RRL, consistent with the fact that HCV preferentially infects liver cells. Nevertheless, the HCV IRES is active also in nonliver-derived cells (22, 42, 52) . Therefore, we analyzed whether the stimulatory effect of the 3Ј-UTR is restricted to human hepatoma cells such as Huh-7 or HepG2 or occurs also in nonhepatoma cells such as HeLa or BHK-21 cells. Reporter RNAs HCV-⌬3Ј-UTR and HCVϩ3Ј-UTR (Fig. 1A) were transfected into these cell lines, and luciferase activities were determined at different times after transfection. The result shows that the 3Ј-UTR enhances translation only 4-fold in BHK cells and 1.3-fold in HeLa cells but 25-fold in Huh-7 cells and 17-fold in HepG2 cells (Fig. 4A) , indicating that the 3Ј-UTR preferentially enhances HCV IRES-dependent translation in a cellular environment derived from human liver cells. In a time course experiment, translation enhancement in the presence of the HCV 3Ј-UTR was maximally 2-fold in HeLa cells but up to 25-fold in Huh-7 cells (Fig. 4B and C) .
Effects of deletions in the 3-UTR on HCV IRES-mediated translation.
To determine the contribution of the three elements of the 3Ј-UTR-the variable region (VR), the poly(U · C) tract, and the 3Ј X region with its three SLs-to translation stimulation, we generated a series of deletion mutants in the 3Ј-UTR sequence (Fig. 5A) . FLuc activities expressed from these reporter RNAs after transfection in Huh-7 cells were measured over a time range of 2 to 12 h after transfection (data not shown). Since the effect of each mutation in question appeared to be similar at all time points analyzed, we display here only the values determined at 4 h posttransfection (Fig. 5B ). First, we tested if efficient reporter translation requires additional sequences downstream of the luciferase gene stop codon. Therefore, the translation efficiency of a mutant in which the luciferase stop codon was followed by a random sequence of 15 nucleotides (Fig. 5A, HCVϩRD15 ) was compared to the translation efficiency of the ⌬3Ј-UTR mutant RNA that directly terminates at the luciferase stop codon. After transfection into Huh-7 cells, the HCV-⌬3Ј-UTR RNA was translated with a similar efficiency as the HCVϩRD15 RNA (Fig. 5B) , indicating that the luciferase gene can be correctly translated from an RNA ending exactly at the luciferase stop codon. Deletion of any of the three sequence elements of the HCV 3Ј-UTR, the VR, the poly(U · C) tract, or the 3Ј X region (RNAs HCV-⌬VR, -⌬UC, and -⌬X, respectively), drastically reduced translation efficiencies down to 12 to 17% of the wild type. Also, a combination deletion of the variable region and the pyrimidine tract (RNA HCV-⌬VUC) resulted in seriously decreased translation efficiency.
When the three predicted SL structures of the 3Ј X region were successively deleted (Fig. 5A) , a gradual decline of RNA translation was found (Fig. 5B) . Deletion of SL1 allows only 28% residual translation activity, whereas deletion of SL2 results in 50% and deletion of SL3 results in 78% activity. With combination deletions of the three stem-loops of the 3Ј X region we obtained intermediate results. When SL1 was deleted in combination together with SL2, the translation efficiency was 20%. Similarly, deletion of SL1 together with SL3 resulted in 25% activity. These results suggest that the combination of SL1 together with the other SLs may contribute to translation stimulation cooperatively.
The 3Ј ends of the various deletion mutant RNAs described above differ in their predicted secondary structures. Only some of these reporter RNAs have very stable RNA secondary structures at their 3Ј ends, which may protect the RNA in question from degradation by exonucleases. We therefore determined the amounts of intracellular reporter RNA by an RNase protection assay (Fig. 5C ). All transfected RNAs were detected in comparable amounts, indicating that differences in RNA stability do not account for the differences in translation efficiency. Moreover, since it could be argued that after liposomemediated transfection a significant proportion of the RNA may remain associated with the lipid reagent after cellular uptake and may thereby also be protected against degradation by RNases, we verified the results after transfection by electroporation (Fig. 5D) . Only slight variations of the amounts of intracellular reporter RNAs were found that could not account for the up to 20-fold difference detected in the translation assays (Fig. 5B) . Thus, differences in translation efficiency are not due to different half-lives of transfected reporter RNAs.
The 3-UTR stimulates translation of unmodified full-length HCV genomes. To demonstrate that the results obtained with the short reporter RNAs which contain only the HCV IRES and 3Ј-UTR sequences flanking a heterologous reporter gene are biologically relevant, we used full-length HCV RNA genomes. Genomic RNAs of the isolate Con1 with or without the 3Ј-UTR (Fig. 6A) were generated in vitro by transcription and transfected into Huh-7 cells by electroporation. Precise 3Ј ends were generated by autocatalytic cleavage mediated by the HDV ribozyme present immediately downstream of the HCV sequence. When the expression of the NS5B protein from the full-length HCV genomes was analyzed at different time points after transfection by Western blotting (Fig. 6B, upper panel) , a significantly higher expression of NS5B was detected with RNAs carrying the 3Ј-UTR (lanes 1, 3, and 5) compared to RNAs lacking the 3Ј-UTR (lanes 2, 4, and 6). Detection of actin in the same protein samples was used to confirm equal protein loads in each lane (Fig. 6B, lower panel) . RNase protection assays (Fig. 6C, upper panel) using an antisense RNA probe complementary to a short stretch of the variable region of the 3Ј-UTR and to about 300 nucleotides of the NS5B coding region show that different RNA amounts do not ac- count for the differences in NS5B expression observed in the Western blots. An RNase protection assay with GAPDH antisense RNA probe was used as internal control (Fig. 6C, lower  panel) . Although previous studies indicated that it is unlikely that replication adds to the higher NS5B levels obtained with replicon-competent HCV RNA that contains the 3Ј-UTR (27, 56, 57) , we wanted to rule out that possibility. Therefore, we repeated the assay by using full-length HCV RNA genomes of the same structure (Fig. 6A) but with a mutation to render NS5B polymerase inactive. In these mutants, the GDD motif (NS5B amino acids 317 to 319) was changed to GND, abrogating NS5B polymerase activity (31) . Also with these RNAs, higher amounts of NS5B were detected after transfection of HCV RNA genomes with the 3Ј-UTR (Fig. 6D , lanes 4 to 6) compared with those lacking the 3Ј-UTR (lanes 1 to 3) .
These results confirm that the 3Ј-UTR enhances RNA translation from the HCV IRES.
DISCUSSION
In this study, we demonstrate that the 3Ј-UTR of HCV has a strong stimulatory effect on HCV IRES-mediated translation. By employing transfection of monocistronic reporter RNAs with precise 3Ј ends into a human liver-derived cell line, we show that all three sequence elements of the HCV 3Ј-UTR-the VR, the poly(U · C) tract, and the highly conserved 3Ј X region-contribute to efficient translation stimulation. This stimulation by the HCV 3Ј-UTR was also observed in full-length HCV RNA genomes.
Several groups have investigated a possible modulating effect of the HCV 3Ј-UTR on translation directed by the HCV IRES. However, a controversial situation arose from the results obtained up to now. Some studies reported a stimulatory effect of the 3Ј-UTR on HCV translation (19, 20, 34, 35) ; others showed that the HCV 3Ј-UTR has no stimulatory influence on HCV IRES-directed translation (9, 10, 15, 26, 56) . One study even reported an inhibitory effect of the 3Ј-UTR (37) .
As shown here, some of these discrepancies may be explained by reporter construct design, time points of analysis, and expression systems. We found that efficient translation stimulation depends strictly on a precise 3Ј terminus of the HCV 3Ј-UTR, whereas additional 3Ј-terminal nucleotides reduce translation enhancement ( Fig. 2 and 3 ). We argue that previous studies did not detect translation stimulation by the 3Ј-UTR because either circular plasmid DNA or plasmids linearized not exactly at the HCV 3Ј end were used (9, 15, 26, 34) . Moreover, nuclear processing such as capping, splicing, and polyadenylation of cellular polymerase II transcripts may have profound effects on their biological activity, consistent with our observation that translation stimulation by the 3Ј-UTR is much stronger when RNA rather than DNA is used for transfection ( Fig. 2B and C) . The requirement for a precise 3Ј end of reporter constructs is also strikingly obvious from the observation that an in vitro transcribed replicon RNA with additional nucleotides at the 3Ј terminus regained the original HCV 3Ј end by the loss of these additional nucleotides after transfection into cells and replication passages (56) .
Another common feature of the previous studies reporting a translation enhancement by the 3Ј-UTR (19, 20, 34, 35) is the use of monocistronic reporter constructs similar to those used here. In contrast, the studies which did not reveal translation stimulation (10, 56) were based on dicistronic reporter constructs employing an additional (picornavirus) IRES element to direct translation of HCV nonstructural proteins. The reason that translation stimulation is not found with such dicistronic reporter constructs is not clear. Nevertheless, future studies investigating the effects of mutations in the 3Ј-UTR in RNA translation should be performed with monocistronic reporter systems. By using authentic HCV full-length RNA genomes, we confirmed that the 3Ј-UTR is required for translation stimulation and found that viral sequences or gene products do not inhibit RNA translation, at least at an early stage of genome RNA utilization. This finding does not, however, exclude the possibility that viral sequences such as the E2 coding region or E2 itself may influence translation, as shown in an in vitro system using RRL (36) , although these authors found virtually no stimulation of translation by the 3Ј-UTR in the absence of E2 sequences.
HCV replicates preferentially in human hepatocytes (28) , suggesting that the liver cell may provide factors supporting HCV RNA translation and replication. Such a tropism could be conferred by proteins binding to the 3Ј-UTR and leading to translation enhancement, e.g., by an RNA 3Ј-5Ј end interaction. Even though a certain degree of translation stimulation by the 3Ј-UTR was reported also for nonliver-derived systems like RRL (19, 20, 35) and HeLa cells (34), we observed that translation enhancement by the 3Ј-UTR is much stronger in hepatoma cell lines such as Huh-7 and HepG2 cells compared to nonhepatoma cells. Thus, unknown factors differing in amounts between liver cells and nonliver cells may be required for efficient HCV RNA translation. The mechanism by which RNA translation is enhanced thus far is not known. However, while this article was under preparation, Bradrick and coworkers reported that translation stimulation by the 3Ј-UTR may be brought about by facilitating translation termination and, eventually, subsequent ribosome recycling for additional rounds of translation (5) .
The cis-acting signals in the 3Ј-UTR that we found here to be involved in translation regulation partially coincide with the signals required for RNA replication (i.e., the initiation of viral minus-strand synthesis) (10, 25, (55) (56) (57) . All three regions, the VR, the poly(U · C) tract, and the 3Ј X region appear to contribute to both processes, replication and translation stimulation. However, for replication the variable region is less important than the pyrimidine stretch and the 3Ј X region (10, 55, 56) . Of the three highly conserved SL structures of the 3Ј X region, SL2 only moderately contributes to translation enhancement, and SL3 contributes even less. In contrast, for replication (i.e., RNA minus-strand synthesis) both SL2 and SL3 are essential. Also the most 3Ј-terminal SL1 is indispensable for RNA synthesis (10, 56, 57) and enhancement of RNA translation. This observation suggests that SL1 may be involved in the regulation of a switch from translation of the viral RNA genome to RNA minus-strand synthesis such as has been shown for poliovirus (12) . This process may require long-range RNA-RNA interactions and even genome circularization, involving RNA sequences and/or secondary structures not only in the 3Ј-UTR but also in the NS5B coding region and in the 5Ј-UTR as well as viral proteins such as NS5B (11, 29, 48, 58) .
In the closely related bovine viral diarrhea virus, the sequences and secondary structures of the RNA signals in the 3Ј-UTR are quite different from those in the HCV 3Ј-UTR. The two conserved SLs of bovine viral diarrhea virus that are located most 3Ј-terminal are required for RNA minus-strand synthesis (59) . In contrast, the upstream variable region binds NFAR (nuclear factor associated with double-stranded RNA) proteins and may be involved in a switch between translation and replication (16, 17) . Extending this idea to the situation with HCV, several questions arise: (i) are factors such as the NFAR group proteins involved in HCV translation enhancement by mediating long-range interactions between the 3Ј-and the 5Ј-UTR; (ii) are there synergistic interactions of NFAR proteins with other proteins binding to the 3Ј-UTR or with NSAP1 binding near the 5Ј-UTR (23); (iii) are there factors in human liver-derived cells that confer at least a certain degree of tissue specificity to HCV translation by interacting preferentially with the 3Ј-UTR; and (iv) are such proteins involved in a switch between translation and replication during the life cycle of the virus.
